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Abstract
The representation of the quasi-biennial oscillation (QBO) is investigated in the ERA-40
reanalysis. In the lower stratosphere, where there is a good number of observations,
the representation of the QBO is equally well throughout the record. However, strong
differences between the first and the second half of the zonal wind data set are found5
in the upper stratosphere, with a typical offset of –10m/s in the equatorial zonal wind
in the earlier part versus the later part of the ERA-40 data set. The strength of the
QBO is also affected. Possible explanations are discussed. The identified change of
the assimilated wind profiles over time in ERA-40 requires a careful use of equatorial
upper stratospheric winds from the reanalysis for validation purposes.10
1 Introduction
Present-day reanalyses include observations over several decades in a rather consis-
tent manner. Dynamic modes like ENSO, NAO or the quasi-biennial oscillation (QBO)
are represented with remarkable accuracy. For the QBO, the present study confirms
this for the lower stratosphere, showing a constant signal over the course of the ERA-4015
reanalysis (Uppala et al., 2005). In the upper stratosphere, however, the early and late
portions of the data set differ significantly. Unfortunately, the number of QBO cycles
in the timeseries available from reanalyses is limited. More or less continuous obser-
vations of the QBO domain in the stratosphere exist only since the 1950ies. For this
reason, it is very difficult to make statistically sound statements. Also, this work does20
not include a detailed comparison to observational data records on the QBO, as it has
already been presented in literature (Baldwin and Gray, 2005; Uppala et al., 2004).
Rather, the purpose of this work is to illustrate the change in the upper stratospheric
QBO using two 20-year sections of zonal wind data. It should be noted that there is
another useful way to study the QBO and its variability by use of climate models that25
recently managed to simulate a realistic QBO, see Takahashi (1996) or Giorgetta et al.
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(2006) for instance.
The European Centre for Medium-Range Weather Forecasts (ECMWF) has used a
recent version of its forecast model to prepare the long range reanalysis ERA-40. It is
based on a wide range of observations, taken both from ground stations and satellites.
However, kind and number of observations vary strongly during 1957 to 2002, the time5
range of the reanalysis (Uppala et al., 2004). A study on sensitivity of ERA-40 on
the observing system was performed by Bengtsson et al. (2004). The atmosphere
is covered up to an altitude of 0.1 hPa with a good vertical resolution of 60 levels.
Therefore one can expect a fair representation also of the stratosphere. However, care
needs to be taken because observations are sparse at high altitudes. We want to look10
at variability on the interannual scale, so it is sufficient to use monthly means of the
6-hourly ERA-40 data set for our work.
A realistic representation of the QBO in ERA-40 has been reported in previous publi-
cations on this topic, e.g. in Baldwin and Gray (2005), Pascoe et al. (2005) and Randel
et al. (2004). The QBO timeseries of zonal wind in ERA-40 presented in the literature15
(Uppala et al., 2004, see Fig. 12 therein) and the remarks of Giorgetta et al. (2006)
motivated a closer look at possible long term variations in the QBO amplitude. We
choose a composite approach to study this question.
The ERA-40 record is split to reveal a possible difference between its earlier and
later years, and to still have a comparable number of cycles in each composite. Some20
details of the composite are highlighted and the magnitude of the difference in the QBO
is compared to the one in the annual cycle. A discussion of implications of the findings
concludes this work.
2 Methods
Composites are a common tool for analyzing periodic signals. Given a time series25
of data, one chooses a reference value and marks all points in time when the time
series is rising above (or alternatively falling below) this selected reference value. The
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composite is then computed as the average of all partial timeseries centered around the
identified points in time. This composite shows the typical time evolution in the selected
time frame with respect to the time when the reference value occurs. Uncertainty in
the evolution increases by construction from the point of reference to larger time lags
before or after this point, and also with increasing spatial distance to this point.5
This method is applied routinely (Giorgetta et al., 2006), for QBO signals, where
usually the transition from easterlies to westerlies or vice versa is chosen as reference
value. The solution to this problem is straightforward, one can calculate composites at
every grid point and assemble them appropriately. In the context of the QBO, this would
mean to compute the average delay of the change in wind direction from one level to10
the other or, possibly, from one latitude to the next, and use it as the delay for the
composites. Difficulties can arise when the number of nodes varies among the levels,
which is why this method is feasible only in regions where the QBO is the dominant
mode of variability.
For our purposes it is adequate to neglect the latitude dependence of the QBO am-15
plitude, as it is approximately Gaussian around the equator where the QBO is driven
(Holton and Lindzen, 1972; Baldwin et al., 2001) and extratropical signals are result
rather than cause of the tropical QBO. Thus, we use +/–5◦ latitudinal averages through-
out this work, accounting for the core zone of the QBO. Furthermore, we substract the
climatological annual variability but retain the annual mean, so that the filtered data still20
contain the characteristic asymmetries between westerly and easterly jets.
Unfortunately the zonal wind time series are not strictly monotonous around the east-
west/west-east transitions even in the QBO core region between 10 and 50 hPa where
the signal is most prominent. Some cycles show delays or short reversals on the
order of few months. This can lead to additional, artificial partial time series in the25
construction of composites which distort the result. One solution to this problem would
be to compute the composites from smoothed, e.g. 5-month averaged time series.
Instead, we decided to construct our composites only at one level at the upper end
of the QBO core region, and to check the partial time series manually. The 10 hPa
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level was chosen because in this work the focus is on the upper stratosphere where
observations are sparse and therefore discrepancies are likely to occur. The closer the
construction level is to the region of interest, the more accurate are the composites. If
there are several transitions of zero zonal wind close to each other due to a reversal as
described above, we select only the first one of them for the composites as it appears5
to suit best for depicting the QBO evolution before and thereby above the transition, as
the QBO generally propagates downward.
3 Results
Composites of zonal wind in time and altitude, taken at the transition from easterlies
to westerlies at 10 hPa, are shown in Fig. 1. Composites are displayed for the whole10
ERA-40 record (a) and partial records 1960–1979 (b) and 1980–1999 (c).
For all three composites, the QBO period is about 27 months, the peak-to-peak
amplitude reaches 45 to 50m/s and the velocity of vertical propagation is similar. Fur-
thermore, all composites feature some typical characteristics of the QBO, including
stronger easterlies than westerlies, westerlies persisting longer in the lower part of the15
QBO regime, and rapid decrease of the amplitude below 70hPa. At the top of the QBO
domain, however, the composite differ from each other.
Significant differences occur for the two 20-year time frames used for Figs. 1b and c.
Between 2 and 10 hPa in the upper stratosphere, an easterly anomaly in zonal wind is
observed in the early years when compared to the later period. At lower levels, below20
10hPa, the two composites agree quite well, considering that only 7 and 6 QBO cycles
were used for the construction, respectively. To further illustrate the differences we
present cross sections through the composite in Figs. 2 and 3.
Figure 2 displays the state of the QBO at transition from easterlies to westerlies and
from easterlies to westerlies at 10 hPa. For both composite types, the difference be-25
tween the early and late periods of ERA-40 is obvious. The differences are strongest
between 7 and 2 hPa. Above, it tends to reverse, but one has to keep in mind that there
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may be some difference in phase among the composites at these levels and that the
QBO amplitude becomes small. Below 10hPa, the differences are small for both kinds
of composites, i.e. smaller than 10% of the amplitude. For the transition to easterlies,
there seems to be a slight phase difference between the two composites, indicating
that there may be a small difference even at 10 hPa distorting the construction of com-5
posites to a small amount.
Figure 3 shows the evolution of the QBO at 4.2 hPa. The difference between the
two periods amounts to up to 25m/s. Note that the signals are relatively noisy, as the
semiannual oscillation is quite strong at these levels and does not cancel entirely for
the 20 year periods, indicating that the removal of the annual signal was not complete.10
Still, the difference does not seem to depend on the phase of the QBO in a simple
manner.
The difference found in Figs. 1–3 may be due to the lack of data in the assimilation
in the pre-satellite era allowing the model to develop its own dynamics (Sterl, 2004;
Uppala et al., 2005). On the other hand, Uppala et al. (2005) mention that corrections15
were applied to the radiosonde temperature data from 1980 on. So if there is a sys-
tematic bias in the tropical radiosonde observations, this could explain our finding, and
it could be corrected for in future reanalysis. However, natural variability can certainly
not be ruled out as an explanation at this point.
Next, the average annual and zonal mean zonal wind over the two 20-year time20
periods is computed. Both profiles are shown in Fig. 4a, together with their difference.
For both time periods, the average zonal wind is similar up to 15 hPa, easterly in the
troposphere, approaches zero in the lower stratosphere around 70 hPa and is easterly
above. Above the 15 hPa level, at which the mean zonal wind is –12m/s, the earlier
period has much stronger easterly winds than the later one. At 4 hPa, the difference25
reaches a maximum of more than 8m/s. At the top of the stratosphere, the averages
approach each other and are equal again at 1 hPa, being easterly at about 5m/s. A
Student’s t-test shows that the difference between the two periods is significant at the
95 % confidence level between 7 and 2 hPa.
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Figure 4b shows the peak-to-peak amplitude of the QBO signal, i.e. the difference
between the maximum easterlies and westerlies at each level, in the two 20-year com-
posites of Figs. 1b and c and their difference. The figure shows that the strength of
the QBO is similar at the beginning and at the end of the ERA-40 record. In the lower
stratosphere, the QBO signal in the earlier period is stronger by about 5m/s. At about5
5hPa, this reverses and the QBO of the later time period is stronger by about the
same amount. Since the composites consist of only a small number of QBO cycles,
these differences are not significant in the sense of a student t test, they can not be
distinguished from the natural variability of the cycles.
Figure 4 illustrates that it is the change in the climatology that causes the difference10
in the QBO composites, while the strength of the QBO remains almost constant.
4 Conclusions
The variability of atmospheric conditions of the equatorial upper stratosphere can not
be fully understood from the ERA-40 reanalysis record. The ERA-40 system produces
a periodic pattern of the quasi-biennial oscillation which is consistent with the better-15
observed middle and lower stratospheric QBO from radiosonde observations. How-
ever, this study reveales some curiosities – in particular, the earlier part (1960–1979)
of ERA-40 shows a QBO in the upper stratosphere that is distinctly different from the
one in the later part (1980–1999). Most prominently, a westerly shift of up to 12m/s is
observed in the zonal wind between the two sections. No obvious reason for this was20
found. At the same time, the QBO amplitude does not change significantly.
Because few or no observations are available for the upper stratosphere region,
especially in the earlier years, it is not clear whether our findings are artefacts of the
ERA-40 reanalysis system or whether they represent the real state of the atmosphere.
The latter explanation would mean that the dynamics of the model is working well,25
reproducing the climate several levels above where observations were available in the
pre-satellite period. In that case, our work indicates there is substantial variability on
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time scales longer than the QBO period. On the other hand, if the findings reflect
problems with the reanalysis related to data quality, quantity or assimilation, a care-
ful review of the data sources used and the assimilation system is required, which is
clearly beyond the scope of this work.
In both cases, there is reason to believe that the later portion of the ERA-40 dis-5
plays the more realistic description of tropical zonal winds, as it is based on more and
potentially higher-quality observations, including satellite data since the late 1970s.
Given these findings, care should be taken when using the ERA-40 reanalysis as
a reference, e.g. for model development and validation purposes, where zonal wind
in the tropical upper stratosphere plays a role. It is likely that the later part of the10
reanalysis suits better for such purposes. Another outcome of this study is that reliable
long term data records from observations are crucial for any statements on interannual
atmospheric variability in this region of the atmosphere.
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Fig. 1. Composites of the zonal wind QBO in the equatorial stratosphere of the ERA-40 re-
analysis, taken at the transition from easterlies to westerlies. The transition at the 10 hPa
level takes place at 0 time delay. Composites are computed for (a) the full data set (Septem-
ber 1957–August 2002), (b) January 1960–December 1979 and (c) January 1980–December
1999.
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Fig. 2. Composites of the zonal wind QBO of the ERA-40 reanalysis, at the time of east-west
and west-east transitions at 10 hPa. Black solid: 1960–1979 composite east to west, green
solid: 1960–1979 composite west to east, blue solid: 1980–1999 composite east to west, red
solid: 1980–1999 composite west to east.
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Fig. 3. Composites of the zonal wind QBO of the ERA-40 reanalysis as in Fig. 1, only at the
4.2 hPa level. Solid: 1960–1979 composite, dashed: 1980–1999.
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Fig. 4. (a) Short dashed: Annual mean equatorial zonal wind of the “1960–”1979 period; Long
dashed: Same for the 1980–1999 period; Black solid: difference between the two periods. (b)
QBO peak-to-peak amplitude in the composites of Fig. 1; Short dashed: 1960–1979 period,
cf. Fig. 1b; Long dashed: 1980–1999 period, cf. Fig. 1c; Black solid: difference between the
two periods. Note the different scales at the abscissae of the two panels.
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